Malus sylvestris var. domestica, crop density, analysis of covariance, least squares means ABSTRACT. The influence of rootstock on average fruit weight was evaluated for a subset of data from a multilocation NC-140 apple [Malus sylvestris (L.) Mill. var. domestica (Borkh.) Mansf.] rootstock trial. Data for eight dwarf rootstocks were collected at four locations for 2 years. Analysis of covariance was used to evaluate the effect of rootstock on average fruit weight when crop density or number of fruit per tree was included in the linear model as a covariate. When number of fruit harvested per tree was used as a covariate, average fruit weight was not affected by rootstock in either year in Ontario. In Michigan and Virginia, rootstock and number of fruit per tree, but not the rootstock × number of fruit interaction, were significant, so common slopes models were used to estimate least squares means for average fruit weight. In general, trees on M.27 and P.1 produced the smallest fruit, and trees on B.9, M.9 EMLA, and Mac.39 produced the largest fruit. In New York the interaction of rootstock × number of fruit was significant, so least squares means were estimated at three levels of number of fruit per tree. Both years, at all levels of number of fruit, trees on M.26 EMLA produced the smallest fruit and trees on M.27 EMLA produced the largest fruit. Average fruit weight was most affected by number of fruit per tree when Mark was the rootstock. In general, results were similar when crop density was used as the covariate, except that trees on M.27 EMLA did not produce small fruit in Michigan and Ontario.
justed for CD, were reported for several rootstock experiments (Autio, 1991; Barritt et al., 1995 Barritt et al., , 1996 Barritt et al., , 1997 Marini et al., 2001) .
Another way to view analysis of covariance is as a method to compare a series of regression models. When analysis of covariance is used to produce least squares means, we assume 1) there exists a linear relationship between the covariate (CD for example) and the response variable (average fruit weight); 2) the relationship between the response variable and the covariate is the same for each treatment (rootstock); 3) the covariate is not affected by treatment; and 4) the observations come from a normal distribution (Hinkelmann and Kempthorne, 1994) . To test the second assumption, homogeneity of slopes can be evaluated by including in the model an interaction term for the indicator variable × covariate; in this case the interaction term is rootstock × CD. A nonsignificant interaction term indicates that there is a series of parallel lines that can be compared by estimating the distance between them. Adjusted means are predicted values obtained from the estimated regression lines evaluated at the mean value of the covariate (Littell et al., 1996) . A significant interaction, as recently reported for several rootstock experiments (Marini et al., 2000a (Marini et al., , 2000b , indicates that the slopes are not equal. When the interaction is significant, analysis of covariance should not be used (Steele and Torrie, 1980) . Until recently, the next step in the analysis would involve fitting regression models for each level of the indicator variable; in other words a regression model would be fit for each rootstock (Neter et al., 1990) . Such an approach is not ideal when the experimental design has restrictions on randomization such as blocks. There is no way to account for blocks in a regression model, so the error term would contain both residual error as well as variation due to blocks. Enhancements to SAS's Mixed Procedure allow one to specify the appropriate model in an analysis Apple orchard profitability depends on producing high yields of marketable fruit. Markets for fresh and processing fruit generally require apples >63 mm in diameter: smaller fruit bring juice prices. Because fruit size and yield are so important, rootstock researchers routinely record yield as well as average fruit weight and other indices of fruit quality. The ideal rootstock should induce good tree survival, high annual yields, and acceptable fruit size. In previous studies, the effect of rootstock on fruit size was inconsistent. Some researchers reported that average fruit weight was affected by rootstock (Autio, 1991; Jackson and Blasco, 1975; Preston et al., 1981) , whereas others reported little effect , 1999 NC-140, 1996) . In one of the NC-140 trials, trees on seedling, P.22 and B.9 produced the smallest fruit and trees on C.6 produced the largest fruit (NC-140, 1996) . However, one factor that complicates evaluation of a rootstock effect on fruit weight is the crop load, which may vary with rootstock and with year. Vigorous rootstocks tend to have high numbers of fruit per tree, but relatively low crop density (fruit/cm 2 trunk cross-sectional area). For trees of similar size, average fruit weight is negatively related to the number of fruit per tree and crop density (Elfving and Schecter, 1993; Forshey and Elfving, 1977) .
More precise estimates of average fruit weight can be obtained by using analysis of covariance, where the variation in fruit weight that is associated with crop load is removed from the error variance. Analysis of covariance is a model containing both continuous variables (CD) and group indicator variables (rootstocks). Means that are adjusted for the covariate or least squares means can then be compared with a multiple comparison. Least squares means, ad-of covariance and to estimate regression models for each rootstock. To facilitate interpretation of analysis of covariance when the slopes are unequal, the models can be compared at a minimum of three values of CD because the value of the adjusted average fruit weight depends on the value of CD (Littell et al., 1996) . This type of analysis can be performed with the "test at" option in SAS's Mixed Procedure (Littell et al., 1996) .
This study was undertaken to evaluate the influence of eight dwarf apple rootstocks on average fruit weight in two seasons at four locations. Analysis of covariance was used to remove the variation in average fruit weight due to CD or number of fruit per tree. This paper also demonstrates one strategy for determining the covariate part of an analysis of covariance model for a factorial experiment in a randomized complete block design (RCBD).
Materials and Methods
Data for this study were from the 1990 NC-140 dwarf rootstock trial with 'Gala' as the scion cultivar, and details concerning the trial were published . Data were obtained from cooperators at Michigan, New York, Ontario, and Virginia. The experiment was a replicated RCBD (Hinkelmann and Kempthorne, 1994) , because there was a RCBD at each location. Eight dwarf rootstocks (Mac.39, P.1, O.3, M27 EMLA, B.9, M.26 EMLA, Mark, and M.9 EMLA) were compared at each location, where groups of six trees per rootstock were assigned randomly to 10-m-long sections of row within each of four blocks. Data were recorded for the four interior trees and the end trees served as buffers. Therefore, at each location there were 16 data trees per rootstock and the experimental unit was the fourtree plot. Trunk cross-sectional area (TCA), yield (kg/tree), the number of fruit per tree, and the estimated average fruit weight were recorded for each tree for the ninth and tenth years of the experiment.
STATISTICAL ANALYSES. Initially an analysis of variance was performed on the entire data set. Data were then analyzed by location because the location × rootstock × year interaction was significant (F = 4.83, P = 0.001, df = 52) and because variances were not equal. The effect of rootstock on average fruit weight was evaluated with analysis of covariance. There are several approaches for determining the form of the covariate part of the model, and the strategy suggested by Littell et al. (1996) was used as outlined below, where number of fruit harvested per tree (NF) was used as the covariate. In all models the block and block × rootstock × year terms were declared as random effects.
Step 1. Test the hypothesis that all slopes are equal to zero with the following model: FW = STOCK YEAR STOCK*YEAR NF*STOCK*YEAR a) If fail to reject (NF*STOCK*YEAR not significant), go to step 3; b) If reject (NF*STOCK*YEAR significant), go to step 2; where FW is the average fruit weight (g/fruit), stock is the rootstock, year is either 1998 or 1999, and NF is the number of fruit per tree and is the covariate.
Step 2. Fit a model to test the hypothesis that the slopes are equal with the following model:
FW= STOCK YEAR STOCK*YEAR NF NF*STOCK*YEAR a) If fail to reject (NF*STOCK*YEAR not significant), go to step 3; b) If reject (NF*STOCK*YEAR is significant), go to step 4.
Step 3. Fit a common slope model and test the hypothesis that the slope is equal to zero with the following model: A second set of analyses was also performed using CD as the covariate.
Results

GENERAL.
The number of fruit per tree and the CD varied somewhat for location and year, but were most affected by rootstock (Table 1) . Considering the raw data, the number of fruit per tree ranged from 69 to 412. The number of fruit per tree was slightly lower for Ontario than for the other locations and trees were slightly over-cropped in Virginia in 1999 due to poor response to chemical thinning applications. In general CD ranged from 0.9 to 7.6. The highest values for CD were recorded in New York and Michigan in 1998. In Michigan and New York the fewest fruit were harvested from trees on P.1, but in Ontario and Virginia, the fewest fruit were harvested from trees on M.27. At all locations CD was lowest for trees on P.1 and M.26.
NUMBER OF FRUIT PER TREE (NF) AS A COVARIATE.
For Michigan, Ontario, and Virginia, results from analysis of covariance, using NF as the covariate indicated that there was an interaction between rootstock and year, that slopes for the 16 rootstock/year combinations were not different, and that all slopes were not equal to zero. Therefore, for each location a common slope model was used to estimate least squares means for each year (Table 2 ). In contrast, for New York the hypothesis that all slopes were equal was rejected (P = 0.001), so least squares means were estimated at three levels of NF (100, 211, and 300 fruit per tree) for each year as suggested by Littell et al. (1996) (Table 3) . These values were selected because the mean number fruit per tree in New York was 211, and represents the central value for the covariate. The other two values represented the lower and upper ends of the range for number of fruit per tree in New York. Average fruit weight, adjusted for FN, was affected by rootstock but the effect was not consistent for locations or years at the same location. In Michigan in 1998, trees on M.27 had the smallest fruit and trees on M.9 EMLA had larger fruit than trees on P.1 (Table 2) . However in 1999 trees on P.1, O.3, and M.27 had the smallest fruit and differed significantly from trees on Mac.39, which had the largest fruit. In Ontario, rootstock did not affect average fruit weight in 1998; in 1999 P.1 and M.27 had significantly smaller fruit than Mac.39, O.3, B.9, and M.9. In Virginia in 1998 rootstocks fell into three fairly distinct groups. The smallest fruit were harvested from trees on P.1 and M.26; intermediate-size fruit were harvested from trees on Mac.39, O.3, B.9, and M.9; the largest fruit were harvested from trees on M.27. In 1999 fruit on M.26 were significantly smaller than fruit on Mac.39, and all other rootstocks were intermediate. In New York, the influence of rootstock on average fruit weight depended on the number of fruit per tree (Table 3 ). In 1998 average fruit weight was not affected by rootstock when the number of fruit harvested per tree was 211 or 300, but when there were 100 fruit per tree, trees on Mac.39 and Mark produced significantly smaller fruit than trees on B.9. In 1999, when trees had 100 fruit per tree, P.1, M.26, and Mark produced significantly smaller fruit than trees on Mac.39, M.27, and B.9. When trees had 211 fruit per tree, trees on Mark produced significantly smaller fruit than trees on B.9. When 300 fruit were harvested per tree, rootstock did not significantly influence average fruit weight.
CROP DENSITY (CD) AS A COVARIATE.
For Michigan, Ontario, and Virginia, results from analysis of covariance, using CD as a covariate, indicated that there was an interaction between rootstock and year, that slopes for the 16 rootstocks/year combinations were not different, and that slopes were not all equal to zero. Therefore, for each of these locations a common slope model was used to estimate least squares means for each year. As with NF, for New York the hypothesis that all slopes were equal was rejected (P = 0.003), so least squares means were estimated at three levels of CD (3.0, 4.5, and 6.0 fruit/m 2 ). Average fruit weight, adjusted for CD, was not affected by rootstock in Ontario (Table 4) . Rootstock influenced fruit weight in Michigan and Virginia, but results varied for location and year. In Michigan in 1998 trees on P.1 produced significantly smaller fruit than trees on Mac.39, B.9, Mark, and M.9 (Table 4 ). In Michigan in 1999 trees on P.1, O.3, and M.26 produced smaller fruit Table 2 . The effect of eight dwarfing rootstocks at three locations on average 'Gala' fruit weight (g) in 1998 and 1999. Analysis of covariance was used to adjust the least squares means for number of fruit harvested per tree. 1998 1999 1998 1999 1998 1999 1998 1999 1998 1999 1998 1999 1998 1999 1998 1999 than trees on Mac.39 and B.9. In Virginia in 1998 trees on P.1 and M.26 produced significantly smaller fruit than trees on Mac.39, M.27, B.9, and M.9. Fruit on M.27 were significantly larger than fruit on all other rootstocks. In 1999 trees on M.26 had the smallest fruit, but differed significantly from only Mac.39, which had the largest fruit. In New York in 1998, when average fruit weight was estimated for a CD of 3.0, M.26 produced the smallest fruit and M.27 produced the significantly larger fruit than all rootstocks except B.9 and Mark (Table 5) . When CD was 6.0, trees on M.26 produced significantly smaller fruit than trees on Mac.39, M.27, and B.9. In 1999 when CD was 3.0 trees on M.26 and O.3 produced significantly smaller fruit than trees on M.27, B.9, and Mark. When the CD was 4.5 trees on M.26 and O.3 produced significantly smaller fruit than trees on M.27. When the CD was 6.0, trees on Mark produced significantly smaller fruit than trees on P.1 and M.27.
Michigan
Discussion
Results from the present study are slightly different than results from previous studies. In other rootstock trials, average fruit weight was often inconsistently affected by rootstock. During the fourth and fifth years of the current study, after adjusting for crop load, rootstock influenced average fruit weight in only four of 16 location/ year combinations (Barritt et al., 1997) . During the fourth year in New York the smallest fruit were produced by trees on P.1 and Mark; in Ontario P.1 produced the smallest fruit; and in Quebec P.1 and M.26 produced the smallest fruit. During the fifth year in Virginia, P.1 and Mark produced the smallest fruit (Barritt, et al. 1997) . In several trials, the rootstocks that tended to produce the smallest fruit included P.1, Mark, and M.27 (NC-140, 1996; Barritt et al., 1995 Barritt et al., , 1997 . During four years of a rootstock trial in Massachusetts, trees on OAR.1 consistently produced small fruit, whereas trees on M.9 EMLA produced large fruit, after adjusting for crop load (Autio, 1991) . Results from other rootstock trials also indicate that trees on M.9 or M.9A produced larger fruit than trees on M.27, M.7, or MM.106 (Preston et al., 1981) . In previous studies average fruit weight was either not adjusted for a covariate or analysis of covariance was used to adjust the means for CD. However, in most previous studies there was no indication that the interactions between the main effects and the covariate were evaluated, so means may not have been adjusted correctly. When the hypothesis that all slopes are equal was tested with data from three NC-140 trials, the location by rootstock by covariate interactions were always significant (Marini et al., 2000a (Marini et al., , 2000b , indicating that the assumption that all slopes are homogeneous may not be valid in many multilocation rootstock experiments. In such cases it is not appropriate to use a normal analysis of covariance to adjust the means for a covariate.
It is not clear which index of crop load should be used as the covariate. Elfving and Schecter (1993) used regression to evaluate the relationship between average fruit weight and number of fruit per tree for nine rootstocks with a wide range of vigor in Ontario. Average fruit weight was better related to number of fruit per tree (r 2 = 0.96) than crop density (r 2 = 0.67). They also concluded that when average fruit weight was adjusted for crop load, rootstock did not influence average fruit weight because regression models for a given year were similar regardless of rootstock. However, there was no indication if homogeneity of slopes were formally tested by including a term for the interaction of rootstock × crop load in the Table 5 . The effect of eight dwarfing rootstocks at New York on average 'Gala' fruit weight (g) in 1998 and 1999. Analysis of covariance was used to estimate least squares means three at levels of crop density (fruit/cm 2 ) (3.0, 4.5, and 6.0) each year.
1999
Crop density (fruit/cm 2 ) Crop density (fruit/cm 2 model. In addition, the term for block could not be included in the regression model used by Elfving and Schecter (1993) . Conclusions may have differed had an analysis of covariance been performed rather than simple linear regression for each rootstock. Results from the present study also indicate that in Ontario, rootstock did not influence average fruit weight, when fruit weight was adjusted for number of fruit per tree. As current NC-140 rootstock trials are concluded, it would be interesting to determine if Ontario is a unique location, or if rootstock has no influence on average fruit weight at other locations. In the present study, both covariates were significant, and usually gave similar results, but it is not possible to determine which covariate is best. When number of fruit was used as a covariate, the rootstocks that tended to produce the smallest fruit included M.27, P.1, and M.26, whereas the rootstocks that tended to produce the largest fruit included Mac.39 and B.9. When crop density was used as the covariate, P.1 and M.26 tended to produce the smallest fruit, whereas Mac.39, B.9, and M.27 tended to produce the largest fruit. Results for the two covariates were similar for all rootstocks except M.27, where the choice of the covariate greatly influenced estimates for average fruit weight. When means were adjusted for number of fruit per tree, M.27 produced small fruit, but when means were adjusted for crop density, M.27 produced large fruit. While performing similar data analyses for peach, average fruit weight seemed to be influenced by the interaction of trunk cross-sectional area (TCA) and number of fruit per tree (Marini, unpublished data) . When hand thinned to ensure that all trees had similar crop densities, average fruit weight was highest on trees with the highest TCA and average fruit weight was not significantly related to CD. A more complicated analysis of covariance involving more than one covariate in the same model may be needed to explain the results for M.27. Until the relationship between CD, TCA, and number of fruit per tree is better understood, rootstock researchers might consider evaluating the influence of rootstock on average fruit weight by performing analysis of covariance with more than one covariate. The covariance approach used in this study allows estimation of slopes for each rootstock derived from the relationships between average fruit weight and CD for the New York data. This information allows researchers to determine if some rootstocks can carry larger crops without sacrificing fruit size. In New York, P.1 was somewhat unique because trees on P.1 had much lower CDs than all other rootstocks (Table 1 ). The CD for P.1 may have been too low to have much of an effect on average fruit weight, because average fruit weight declined only 2.6 g and 0.3 g for each unit increase in CD in 1998 and 1999, respectively. In 1998 the three rootstocks with the highest CDs were Mac.39, O.3, and M.9, and the slopes were -3.0, -3.7, and -4.0, respectively. M.26 and B.9 had relatively low CDs, but slopes were -6.7 and -3.0, respectively. Therefore, as CD increased, average fruit weight declined more for M.26 than for B.9. In 1999 Mac.39 and Mark had the highest CDs and their slopes were -7.7 and -12.0, respectively. Based on the 2 years' data, Mac.39 appears most capable of carrying higher crop loads with minimal loss of fruit size than other rootstocks.
In this study crop load was limited to a fairly narrow range to ensure annual cropping. Results from the analysis of covariance may have differed had there been a wider range of crop load. To obtain data to better study the effect of rootstock on average fruit weight, researchers might consider continuing a rootstock study for an additional 2 years and thin trees to discrete crop densities ranging from 1.0 to 9.0 fruit/cm 2 .
